The most basic theoretical challenge for understanding low energy nuclear reaction (LENR) and transmutation reaction (LETR) in condensed matters is to find mechanisms by which the large Coulomb barrier between fusing nuclei can be overcome. A unifying theory of LENR and LETR has been developed to provide possible mechanisms for the LENR and LETR processes in matters based on high-density nano-scale and micro-scale quantum plasmas. It is shown that recently developed theoretical models based on Bose-Einstein Fusion (BEF) mechanism and Quantum Plasma Nuclear Fusion (QPNF) mechanism are applicable to the results of many different types of LENR and LETR experiments.
Introduction
There have been many reports of experimental evidences for low-energy nuclear reaction (LENR) processes in condensed matters as documented in a recent document submitted for a DOE review [1] and as reported in Proceedings of ICCF-10 [2] . However, most of experimental results cannot be reproduced on demand. This situation has prevented us from development of a coherent theoretical understanding or working theoretical model of the phenomenon which can be used to guide us in designing and carrying out new experimental tests to sort out essential parameters and controls needed to achieve reproducibility on demand (ROD). In this paper, it is shown that recently developed theoretical model based on Bose-Einstein Fusion (BEF) mechanism and Quantum Plasma Nuclear Fusion (QPNF) mechanism are applicable to the results of many different types of LENR and transmutation experiments.
Both the BEF and the QPNF mechanisms are based on a same physical model which assumes that deuterium/hydrogen is in a plasma * state and is mobile in a deuterated/hydrogenated metal as deuteron/proton ion.
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Theoretical studies of BEF mechanism have been carried out using an approximate solution to the many-body Schroedinger equation for a system of N identical charged, integer-spin nuclei ("Bose" nuclei) confined in micro-and nanoscale cavities [3] [4] [5] [6] . The ground-state (superfluidity state) solution is used to obtain theoretical formulae for estimating the probabilities and rates of nuclear fusion for N identical Bose nuclei confined in a ion trap or an atomic cluster.
Most recently, we have investigated the effect of a generalized particle momentum distribution derived by Galitskii and Yakimets (GY) [7] on nuclear reaction rates in plasma [8, 9] . We have derived an approximate semi-analytical formula for nuclear fusion reaction rate between nuclei in a plasma. The formula is applied to calculate deuteron-deuteron fusion rate in a plasma, and the results are compared with the calculated results of the conventional Maxwell-Bolzmann (MB) velocity distribution. As an application, we investigate the deuteron-deuteron fusion rate for mobile deuterons in a deuterated metal/alloy. The calculated deuterondeuteron fusion rates at low energies are enormously enhanced due to the modified tail of the GY's generalized momentum distribution. Our preliminary estimates indicate also that the deuteron-lithium (D+Li) fusion rate, the proton-boron (p+B) fusion rate, and the proton-lithium (p + Li) fusion rate in a metal/alloy at ambient temperatures are also substantially enhanced due to this quantum plasma nuclear fusion (QPNF) mechanism. Implications of our results and other potential applications are discussed.
Bose-Einstein Fusion (BEF)
Theoretical studies of the BEF mechanism are described in publications [3] [4] [5] [6] . One of the main predictions is that the Coulomb interaction between two charged bosons may be suppressed for the large N case and hence the conventional Gamow factor may be absent. The theory has been used to analyze LENR experiments involving both atomic clusters (Pd black powders [10] ) and acoustic cavitations [11] . Recently, the one-specie LENR theory of the BEF mechanism [3] [4] [5] [6] used for reactions such as (D +D) has been generalized to the two-species case and applied to (D + Li) reactions [12] .
The only unknown parameter of the theory is the probability of the BE groundstate occupation, Ω. Since Ω is expected to increase as the effective temperature of the BE state (superfluidity state) decreases, the nuclear reaction rates for the BEF mechanism are expected to increase at lower temperatures.
Quantum Plasma Nuclear Fusion
As shown by Galitskii and Yakimets (GY) [7] the quantum energy indeterminacy due to interactions between particles in a plasma leads to a generalized momentum distribution which has a high-energy momentum distribution tail diminishing as an inverse eighth power of the momentum, instead of the conventional MaxwellBoltzmann distribution tail decaying exponentially. GY's generalized momentum distribution has been used by Coraddu et al. [13] in an analysis of anomalous crosssections for D(d,p) 3 H observed from the low-energy deuteron beam experiments. In this section, we describe a quantum plasma nuclear fusion (QPNF) mechanism which includes the effect of GY's generalized momentum distribution on the nuclear fusion rates in a plasma [8, 9] . The calculated results based on the QPNF mechanism for deuteron-deuteron fusion rates are compared with the results of the conventional calculation with Maxwell-Boltzmann distribution. As applications of the QPNF mechanism, we investigate other nuclear fusion rates for (D+Li), (p+Li), and (p+B) reactions in metals/alloys.
Reaction Rates for Quantum Plasma Nuclear Fusion
To formulate the QPNF mechanism we start with GY's generalized distribution function given by ( , ) ( ) ( )
where n(E) is Maxwell-Boltzmann (MB), Fermi-Dirac (FD), or Bose-Einstein (BE) distribution, modified by the quantum broadening of the momentum-energy dispersion relation, (E ), 
The nuclear fusion rate for two nuclei is given by
where
and the normalization N is given by
For a high energy region, ε p >>kT, γ, and ∆, we obtain approximately e e 2 2 i j
as shown by GY [7] . This is to be compared with the other conventional cases,
We now derive an approximate analytical formula for obtaining order-ofmagnitude estimate for the nuclear fusion rate. The total nuclear fusion rate, R ij , per unit volume (cm -3 ) and per unit time (s -1 ) is obtained from an expansion of Eq. (2) in which the first term is δ(E-ε p ). R ij is approximately given by
where C ij R is the conventional fusion rate calculated with the MB distribution and Q ij R is the contribution from the second term of the expansion of Eq. (2) and is given by
where E G is the Gamow energy,
ρ i is the number density of nuclei, and S ij (0) is the S-factor at zero energy for a fusion reaction between i and j nuclei.
(D+D) Reactions in a Plasma
The importance of Eq. (9) is that it distinguishes high density/low temperature plasmas in condensed matter systems from low density/high temperature plasmas produced in magnetic confinement plasma fusion or inertial confinement laser fusion by breaking the contribution of fusion reactions into the MaxwellBoltzmann and the quantum plasma nuclear fusion processes. To access the importance of each, it is useful to investigate the cross section times the velocity averaged over the velocity distribution or fusion reactivity συ < > , given by Eq. (9), as a function temperature. In Fig. 1 ( / ) kT e ρ << while they are negligible for the conventional high-temperature (kT ≈ 5 keV ~ 10 keV) plasma fusion such as for the proposed international experimental fusion reactor (ITER). The goal of the ITER project is to achieve a plasma density of 10 15 cm -3 while hydride densities in metals are in the range of 10 22 cm -3 . This comparison then explains why the quantum plasma nuclear fusion process is not important in high temperature fusion observations and calculations.
Glow Discharge Plasma
Plasmas created in glow discharge experiments are known to have temperatures ranging from 10 4 K to 5 x 10 5 K (kT~0.8 eV to kT~40 eV) with densities ranging from ρ≈10 . As can be seen from Fig. 1 , if the density of glow discharge plasmas can be increased to ρ >10 14 cm -3 , glow discharge experiments can become ideal testing and probing grounds for the quantum plasma nuclear fusion mechanism.
Nuclear Reactions in Metals/Alloys
One of the other potential applications of the QPNF is the nuclear fusion rates in metals. Hydrogen (or deuterium) molecules in Palladium are known to be dissociated into atoms and ionized to bare nuclei [14] . The mobility of protons and deuterons in Pd and other metals has been experimentally demonstrated [15, 16] . However, other heavier nuclei (Li, B, etc.) are most likely to have much less mobility and most of them are stationary in metal/alloy lattices.
Because of the deuteron mobility in metals, (D+D) fusion rates in metals were investigated using the MB velocity distribution for deuterons with a hope that the high-energy tail of the MB distribution may increase the (D+D) fusion rates in metals [17] [18] [19] . However, the calculated results for the (D+D) fusion rates with the MB distribution were found to be extremely small at ambient temperatures [17] [18] [19] . (a) Nuclei i and j are the same specie and mobile in a plasma with a GY velocity distribution (for example i and j are both deuterons yielding the (D+D) fusion reaction rate). (b) Nuclei i and j are two different species and both mobile in a mixed twospecies plasma with velocity distributions (for example i is for protons and j is for deuterons yielding the (p+D) fusion reaction).
(c) Nucleus i is mobile and from a single-specie plasma with a velocity distribution, but nucleus j is stationary and imbedded in a metal/alloy matrix. Nuclei i and j are the same specie (for example i and j are both protons or both deuterons or nuclei i and j are two different species yielding (D+Li), (p+Li) and (p+B) fusion reactions).
Deuteron Beam Experiments with Deuterated Metal Targets
Recent results of cross-section measurements from deuteron beam experiments with metal targets by Kasagi et al., [20] and Rolf et al. [21] indicate that the QPNF mechanism may be occurring. Recently, Rolf et al. [21] have investigated the electron screening effect in the D(d,p) 3 H reaction with a low energy (center-of-mass energies between ~ 4 keV and ~ 15 keV) deuteron beam on deuterated targets (32 metals, 3 insulators, 3 semiconductors, 3 groups 3 and 4 elements, 13 lanthanides). They have found that all deuterated metals yield large extracted values of the screening energy U e ranging from U e =180 ± 40 eV (Be) to U e =800 ±90 eV (Pd), while all deuterated non-metal targets yield smaller values of U e ≤ 80 eV.
If we interpret the anomalous values of U e for metal targets in terms of the QPNF mechanism, wide variations of 32 different values of U e ranging from U e = 180 ± 40 eV (Be) to U e = 800 ± 90 eV (Pd) may be correlated with the number density of mobile deuterons in metal targets which in turn may be related to deuteron loading ratios, deuteron diffusion coefficients in metals, external stimulations, etc., such as applied electromagnetic fields.
(D+D) and (D+Li) Reactions at Ambient Temperatures in Metals/Alloys
For the case of (D + D) fusion reaction, order-of-magnitude estimates for
shown as a function of the mobile deuteron density ρ in Table 1 
R~10
-73 cm -3 s -1 when a conventional electron screening energy of E s = e 2 /a o ≈27 eV (a o is the Bohr radius) is used. These Table 1 . Order-of-magnitude estimates for DD fusion rate, R DD , in units of cm -3 s -1 . The particle (mobile deuterons) number density, ρ, is in units of 6x10 Table 1 . Our results of surprisingly large fusion rates for the DD fusion reaction in a deuterated metal/alloy at ambient temperatures may offer a sound, conventional theoretical explanation for most of the nuclear emissions results reported from the previous LENR experiments [22] .
Given similar conditions as for the DD fusion, the fusion rate for the D 6 Li fusion reaction is estimated to be ~10 % of the DD fusion rate, 6 0.1 .
Aneutronic and Non-Radioactive Nuclear Fusions
The DD fusion reactions create neutrons and radioactive tritium. Candidate aneutronic and non-radioactive nuclear fusion reactions are 6 Li(p, For two cases, (p +Li) and (p +B), the fusion reaction rate has been estimated and is shown in Table 2 as a function of the fraction of hydrogen that is mobile within the Based on the calculated results of fusion rates with the QPNF mechanism shown in Table 2 , we see that nuclear fusion rates for (p+ 6 Li) and (p+ 11 B) LENR processes in hydrogenated metals/alloys are sufficiently high for practical energy generation. If we could achieve sufficiently high fusion rates for 6 Li(p, 3 He) 4 He and 11 B(p, α)2 4 He fusion reactions with the LENR processes in hydrogenated metals/alloys, they could become attractive alternative methods for generating clean nuclear fusion energy.
Other Potential Applications
Finally it would be of interest to consider other potential applications:
Glow Discharge Experiments
As described in subsection 3.3, glow discharge experiments are ideal probing and testing grounds for the QPNF mechanism. Recently, there have been many glow discharge experiments reporting anomalous effects [23] [24] [25] [26] [27] [28] [29] [30] . We plan to investigate the role of the QPNF mechanism in the glow discharge plasmas.
Acoustic Nuclear Fusion Reactions
Earlier, acoustic cavitation experiments (ACE) were carried out by Stringham [31] . In Stringham's experiments [31] , transient cavitation bubbles (TCB) were created in heavy water without the use of a neutron generator and were driven to impact on target metal foils as a jet plasma. It has been reported [31] that these TCB jet plasma impacts produce excess heat and nuclear products ( 4 He and tritium) suggesting a plasma impact fusion. In 1990, Lipson et al., reported observation of a very low level of neutron production in TCB type experiment [32] . Recently, Taleyarkhan et al. [33] reported the observation of tritium and neutron production during their acoustic cavitation experiment using deuterated acetone and a pulsed neutron generator. Most recently, the temperature measurement of a single bubble acousitic cavitation has been made [34] .
We plan to investigate the role of the QPNF mechanism in the ACE in our future work
Geophysics and Astrophysics
The electron screening effect, in conjunction with a particle velocity distribution, has been shown to enhance the cross sections and reaction rates for proton-deuteron (pD) fusion at extremely low kinetic energies [35] . The pD fusion reaction is shown to dominate other fusion reactions involving hydrogen isotopes for kinetic energies E < %
